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SECTION I GENERAL PBINCIPLSS 



ject insulin into their thigh may experience a precipitous 
drop in blood sugar that is not seen following injection into 
fte arm or abdominal wall, since ninmng markedly in- 
creases blood flow to the leg. Generally, the rate of ab- 
sorption following injection of an aqueous preparation into 
the deltoid or vastus lateralis is fester than when the in- 
jection is made into tlie gluteus maximus. The rate is par- 
ticularly slower for females after injection into the gluteus 
maximus, TTus has been attributed to the different disteib-. 
ution of subcutaneous fat in males and females, smce fet 
is relatively poorly pofused. Very obese or emaciated pa- 
liems may exhibit unusual pattenis of absorption following 
intrarouscular or subcutaneous injection. Verj' slow, coo- 
start absorption ftom the intramuscular site results if the 
dru- is injected in solution in oil or suspended u> vanous 
othCT repository vehicles, PenidUin often is administered 
in this manner. Substances too irritating to be injected sub- 
cutancously may sometimes be given intramuscularly. 

,7)r^i7E its effect in a particular tissue or organ. Howrver, this 
iSTsito^a^bloos therapeutic val«. Diagnostic >B«^ 

„tr^min^«=re(l by this route, mtraanerial injection req»i=8 
somcwnes """"r^f f^r exT^ts. Tbt to-pass ««i 

^^s^ir^e^:;r .0. .allele drugs are ^en 

av« hit: desired, as in spinal ajaesmesia or 

Son. which d«gs «.et .the ckculauQi. rapidly, l*"^^?^^. 
^ rf*e pond vein; fct-pass hepatic losses «e ^^^'f f^'",^ 
!^rit™,^l Eon is a conupoa laboratotj' procedure, but » is sd- 

haiopsaretoogre«tDwarn«ith6iOTBfleiiseafitoS*«itB«li^ 
beings. 



. 1 ..^^ Aheorntioa. Gaseous and volatile diugs may be in- 
roenfljraoes jarge. The principles gov- 

■ w \.«.,ec M the methods of admuiistrauon, and the fact mat 

^r:;~rio^sSp™duceirri«^^^ 

^"'^Zoni^v absorption' is <m important luute of entry df certain 
a^gs «a;SSlc=nviroXtal sabsumcesof vanedcon. 



poaiion and physical stales (see Sscbon XVU). Both local and sys- 
temic reactions «0 allergens may occur subsequent to Inhalation. 

Topical AppUcBtioau Mucous Mvabnmes. Drugs are ^lied to 
the mucous mennbranes of the conjunctiva, nasopharyiut, orophai-- 
ynx. vagina, colon, urethra, and urinary bladder pnmarily for thcu 
local effects. Occasionally, as in the ^pUcation of antidiuretic hor- 
mone to *e nasal mucos*a, syscemic absoiption is Uie goal. Absoip- 
tion Ihrough mncons memteanes occurs readily. In fact, local anes- 
Aetics applied for local effect sometimes may be absorbed so mpidly 
fliat they produce systemic tojticitj'. , 
Sldn. Few drogs readily penceaie the imact slan. Absotpuon of 
Aose that do is pioporfional to the surface area over whidi they a» 
aoDlied and to their lipid solubUiiy, since die epidermis b^s as a 
li^d barrier (*« Chapter 64). The dermis, however. « V^J 
raMblc to many solutes; consequently, systemic absorption of di^gs . 
SLurs much mo« readily through abraded, bnrued. or d«>u4^^ 
Mammation and othnr conditions that increase cutaneous blood flow 
flLo enhance absorption. Tb«c eSecU sometiruK produced by 
Z>™iw through the skin of highly lipid-soluble snbttaxiM^ {e.g., 
;BSubIeiiScticideina.orgarricsolveut),Absorpuo«2gh 

tiSn can be enhanced by suspending the drug m an ody v^de 
Zt^Z ^ Igniting preparation mto me sfc«^^ -^^^^^^ 

o«ihisive ^^rng * iunovations. A pa«* contammg 

scopolarowie. piaceo ^n™" rdeaaes sofficieat drug to die ^ys- 
temiccirculanon to protect «»ev^ . 

grt^StSpS^^Kgsarensca^a^y^*^ 

^f^'^i'ifa^SXs^d^r.otsubje^ 
Srb;2SS^UnSUsystcmicpbarmacologic^^ 
pass nepauc ea ft.adrenergic antagorasts are adrom- 

T h A^Tfrtpr L^"^ effects ^ly i«jnire absorption 
?;S^:?SSS.S^^^--ealinf=ctionorr^^ . 

'^S.^^^^'^'^'^''''''^ systemic side ef- 
fccts are mwiini^^- 



ideJal in strength or <--^^^^:,'^:,^TJc^. 

,?^n?4faSSantinthetwoproductsarenotsign,fic^^^^ 
?^J^ISSSS«t conditions. In the past, d<«agc forms of 

.S from a sintfe manufacmrer ^f^.'^g'SS 
r^^^trSTsS rrbr-Sss-^y^esult 
pHticte si^;or other physical char- 
aSS^i - ™« controlled in formulauon 
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and manufoctufB of the preparations. These fnctors affect disintc^n- 
tion of ihfi dosage form and dissolution of the drug and hence the 
tale and extent of drvg absorption. 

The potenri^i nonequivalence of different drug prepQr;ition5 has 
been a matter of concern. Strengthened regulatory ttquii-emenis have 
resulted ID fevk', if any, documented cases of nonequivalence between 
approved drug products. The significance of possible nonequivalence 
of drug pi^araiionfi is further discussed in connection with drug 
nomenclfliure and the choice of drug nanie in writing prescription 
orders (stt Appendix I). 

DiSTRIBUTION OF DRUGS 

After a drug is absorbed or injected into the bloodsaeam, 
it may be distributed into inietstitial and cdlular fluids. 
Patterns of drug distribution reflect certain physiological 
factora and physicochemical propextiies of drugs. An initial 
phase of distribution may be distinguished that reflects car- 
diac output and regional blood flow. Heart, iiver, kidney, 
brain, and odier well-perfused organs receive mo^t of the 
drug during the fiist few minutes after absorptioiL Dehvery 
of drug to muscle, most viscera, slcin, and fet is slower, 
and these tissues may require several minutes to several 
hours before steady state is attained. A second phase of . 
drug distribution may therefore be distinguished; tiiis is 
also limited by Hood flow, and it involves a far larger frac- 
tion of the body mass than does the first phase. Superim- 
posed on patterns of distribution of blood flow are factors 
that detemiine the rate at which drugs diJQfuse into tissues. 
Diffusion into the interstitial compartment occurs fapidly 
because of the highly pcimeable nature of capillary en- 
dothelial oxembranes (except in the brain). Lipid-msoluble 
drugs that permeate membranes poorly are restricted in 
their distribution and hence in their potential sites of ac- 
tion. Distribution also miay be limited by drug binding to 
plasma proteins, particularly albumin for acidic drugs and 
ai-acid glycoprotein for basic drugs. An agent that is ex- 
tensively and strongly bound has linuted access to cellular 
sites of action, and it may be metabolized and eliminated 
slowly. Drugs may accumulate in tissues in. higher con- 
ccau^tions than would be expected from difftiflion equi- 
libria as a result of pH gradients, binding to intracellular 
constituents, or panitionmg into lipid. 

Drug that has accumulated in a given tissue may serve 
as a reservoir thai prolongs dmg action in that same tissue 
or at a distant site reached through the circulation. An ex- 
ample that iUusttates many of these factors is the use of 
the intravenous anesthetic diiopental, a highly lipid-soluble 
drug. Because blood flow to the brain is so high, the drug 
reaches its ooaximal concentration in brain within a minute 
after it is injected intravenously. After ieyection is con- 
cluded, the plasma concenaaiion fells as diiopental dif- 



fuses into other tissues, such as muscle. The concentration 
of die drug in brain follows that of die plasma, because 
there is little binding of die drug to brain constituents. 
Thus, onset of anesthesia is rapid, but so is its termination. 
Both are directly related to die concentration of drug in the 
brain. A third phase of distribution for this drug is due to 
tht slow, blood-flow-limited uptake by fat With adminis- 
tration of successive doses of thiopental, accumulation of 
drug takes place in fat and other tissues that can store large 
amounts of the compound. These can become rcseivoiis 
for the maintenance of the plasma concentration, and there- 
fore die brain concentration, at or above d^e tlueshold 
required for anesthesia. Thus, a drug that is short acting 
because of rapid redistribution to sites at which die agent 
has no pharmacological action can become long acting 
when these storage sites are '^jEQled" and termination of the 
drug's action becomes dependent onhiotranaformation and 
ex;cretion {see Benct, 1978). 

Since die difference in pH between intracellular and 
extracellular fluids is small (7-0 vs. 7.4), dais factor can re- 
sult in only a relatively small concentxation gradient of 
drug across the plasina membrane. Weak bases are slightly 
concentrated inside of cells, while dcie concentratibu of 
weak acids is slightly lower in the cells than in extracel- 
lular fluids. Ij^weiing the pH of exttacellular fluid in- 
creases the intracellular concentration of weak acids and 
decreases that of weak bases, provided that the intracellu- 
Ifir pH docs not also change and that the pH change does 
not simultaneously afiect the binding, biotransformation, 
or excretion of the drug. Elevating die pH produces die op- 
posite effects (see Figure 1-2). 

Cenlj-al Nervous System and Cerebrospinal Fluid. 
The distribution of drugs to the CNS from the bloodstream 
is unitjue, mainly in that entry of drugs into die cere- 
brospinal fluid and extracellular space of the CNS is re- 
stricted The. restriction is similar to that across the gas- 
trointestinal epithelium. EndotheUal ceils of the brain 
capillaries differ from dieir counterparts in most tissues by 
the absence of intcrccHulax pores and pinocytotic vesicles. 
Tight junctions predominate, and aqueous bulk flow thus is 
severely restricted. This is not unique to the CNS capil- 
laries (tight junctions appear in many muscle capillaries as 
well). It is likely that the unique arrangement ofprncsp- 
illary glial cells also contributes to the slow diffusion of 
organic acids and bases into die CNS. The. drug molecules 
probably inust traverse not only endothelial but also 
perivascular cell membranes before reaching neurons or 
odier target cells in flic CNS. Cerebral blood flow is the 
only limitation to permeation of die CNS by highly lipid- . 
soluble drags. The rate of diffusion of drugs with increas- 
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cansisfcettt, and the presenee of food may eBbieouse or diznizuEh 
tiie absorption of dmgs. The most common type of interac- 
Hon occUTG when a food constituent bindfi the drug and iibG 
food-drug'^complez cannot pass through the gut walL Fox 
ezBS^)le,-.compleza1ion of tetracycline antibiotiCB may occur 
when tibiiSBe drugs are administeied m&'daiiy products or wit^ 
antadds contedbouuog aluminum, calcium, or rnftgiiftfliuxtt, Tb& 
presence of a large meal in the stomach will delay gastric 
emp^^i^g. If a^dzug l^t i£ absorbed m the intestine is in- 
gested wiili ia large meal« tibie delay m gastric emptying may 
result in a daisy in absorption of the drug. However, the 
presence of food in the stomach has also been shown to in- 
crease absorption of some drugs. For example, iix& 
bioavaolabOitiBS.of-the jS-adrenergic .bloddDg dnigs;. pro- 
pranolol and metoprolol, are enhanced by the presence of 
food.^' Therefoi£,&caUBe<^thedlMcult;yin^pre^ 
absQzptiDn pattern of a-druglin the presenoe of food, it is 
usually advisable to admjiuster drugs when the stomach 4s ■ 
emplgr. An-eiceptatmtpthisedviceis.wi^ 
gastrointestinal inttation and nausea. These drugs must be 
gi^en with food to prevent tiiese side effects. It is recom- 
mended that such drugs always be -taken wil^ food to com- 
peosate for the differences in.absorptioh that iaaight occur if 
they ware gwen:one time with food andanother l3xne without 

• food- .r . • . .* 

Water taken concomitantly with certain d^igs may increase 
bioavailability. The adrainistration of aspirin, eiylimriny dn 
stearatej . amoxicillin or 'iiieophylline with 250 mL of water 
results ia greater bioavailabBity than if %he same drugs are 
ingested with only 25 mL* of water It is. probable tiiat Ihe 
increased amomit of ^watei enhances the amomit of drug ab- 
sorbed by improving drug dissoiutlonas weU as.by hastening 
gastric emptying. ' * . . .. - 

• tDiseases that affect the stnictiira and function of the gas- 
trointestmall^act^ are.also^apable of altering the absoqvtion 
of drugs after-oral administration. , However, iio consistent 
pattern develjaps; rather, "f^erejappears to ha a complex rela- 
tionsh^yp between the eflfect JOtiAxQ disease on stomach and 
inteslanal Amotions and the al^iption of the drug in question. 
For example, diseas^ 'such- as diabetes mdllitus or chronic 
renal feilure, diseases tiiat delay gastric emptying, will 
markedly delay the absorption and onset of effect of drugs 
that must rjssdbi.lhe ^mall intestroe before ihey ■ axe absorbed. 

• Tfais'^asibcien ayr6bl fcm ' wi(h iiie use-of'pheBytoin inpatientB 
vith'^irdnic ienal<£aika:e. Celiac disease and Ciohn^B disease, . 
two diseases that^alter' the intestine epithelium, have been 
studied in detail^ In these diseases, al»orption of some drugs 
isgreaiibr affected, butiiereisixo confiiste»itpgttemnf-aitered 
drug absorption. 

When a.drug is to bB;administered oxally to a palient with 
altered gastrointestinel motilit^r, diseases of the stomach and 
.axna]l.{^ large intestine, previousistomach or intesianal surgery, 
or gastrointestinal Irdtection, there . is a considerable proba^ 
bility that drugabsorptian characteristics in these patients 
will di£Eer firom tiiose in healthy volunteers. - Hiis may result 
in &diange,uL.the time of peak hlobd level or the e3:te;nt4>f 
absoxptipn. It is advisahle to observe aoch patients closely 
£6r cUn^iejQtect durizig mitial drug administtatian and dmidg 
chronic dosing in. order' to assess the ini3>iV5<nnft of alt^tioss 
in absorption azid to correct dosmg T^jmens accordingbr. 



cial^ adjusting dose. 

. Kon-Oral Rotttes^-Drugsare admioSatcred by.^ 
of non-oral routes. These indude: subcutaneous, intia- 
muscular, intravenous^ inhalation; percutaneouSi buccal, su- 
blingual^ red^, vaginal, intra^ezi^dlal and i&ixathe^ lafhe 
cases of inhalationi topl<^ application to the skin- or mncous 
membranes, rectal, vaginal, intra-arterial or jntriaihecal ad- 
ministraiiQn, the route is often chQSen to ensure-that drugs 
reach .a speci£ic site with a minimum of aystemie absotpti<m. 



The T-fttiftTialp is that the TnflTfn>!^ concentration of drug will 
be a.t the site of action so that side effects will be lessened- 
Neverthelfiasj.if large doses are administered by these routes, 
*>Tvoii^t> drug may reach the general circulation, to produce side 
effeda. Therefore, the dose and preparation should be such 
that innited quantities of drug^re&ch.theeystemic.circulation. 
The beta-adrenergic agonists, naetaproteienol and albuterol, 
when administered by inhalation produce bronchod^latation 
at doses that avoid serious systemic side -effects* Similatiy, 
Ihe corticosteroid, be^iomethasone, can also he admimstexed 
by this route fw the management of chronic asthma. Low 
doses of bedomeihasone by inbaJaiami are without the serious 
systeroic side effects of oral steroids. However, as the dose 
is inisceased beyond two inhalations fovx times a day, for an 
average daily dose of 400 there is^ greater inddenoe offside 
effectSj including adrenal suppression. ■ . . 

The topicaladmixufitration of. drugs is rapidly becoinrpg. an 
unportaxrt route of drug admimstration of systemic drugs. 
Previously used only for Ihe appiication of drugs for localef- 
isctB in diBeaBes<>f the skin, it is now beu^ esplo^ 
of administering drxigs for their eyatemic eflfects. Nitro- 
glycerin is.commonly appHed to the sban in the form of an 
ointment or transdermal patches; it is rapidly absorbed and 
provides sustained blood levels. Sublingual nitroglycewn'is 
also enj^Jloyed to produce therapeuiic blood levels; it pyodupes 
amarimal effect on anginai pain within 3. to B.imins but lasts 
only 20 to 60 mln. in contrast, niia^glycswm oiatment pro- 
vides peak blood coEQjcentratiqns in about onfe hour and the 
effect on anginal pain xoj&y last for several hours. :The suh- 
lingual tablets shduld be used to suppress acute angma at- 
tacks, whereas nitroglycerin^intment or transdermal patdaes 
may be useful to prevent recurrent* of episodes of angina for 
prolonged periods, such as during the night, Whethex or not 
the continuous administration of nitrates by this route- will 
Tesult in the devdopment of tderance is not dear at this time, 
ThBxe flie several otfaicr' d^^igs-, such as those.usedto treat hy- 
pertension,, for which perctltaneous administration ?is being 
iavestigated as a means of attaining sustained plasma 
■levels. ■ , ■ 

, dosetTitro-crterta.i admimstration of drugs is used to get 
drugs-directiy to a target site or organ in high concentration. 
After it has passed through the target region it is distributed 
..in the enlai^ blood, volume, which reduces the systemic levels 
of-the drug'andthjB consfequentisiduB effects. Oxxe example of 
thiamode-of drug adrDinifitration.ie theuuse of cytotoiicdrugB 
for the treatment of primary or smetastatic tumors <)f liver. 
The -iiifusion of drags into the hepatic artery esposas .the 
tumor to higher drug concentr^ons than can be tolerated 
with inliavenoue adroinistration, K the drug is efficiently 
extracted, by liver, the exposure of sensitive tissues such as 
hone inarrow and gastrcmtestmal epithehum to the drug will 
be decreased* For example, after hepaticartery infusion of 
floxuridine (FtJDR) hepatic vein concentrations are 2 tp 6 
times h^t^*^^ than comparable drug conoentzations following 
mttfivenous infusion yet systemic blood concentrations. are 
76% Vb3&. Thus, the therapeutic index: , of FUDR in the 
trPrfltmgnt of liver cancer is condderably increased by hepatic 
• arterial infusion. This type of selectiW drug administiation 
T^^gy ^^.bpt^^fS^pT oflipn- AnigR ihflt havelowtfagrapgUtic 

indices; 

Intratheea I injection ia used to deliver drugs to the bram 
fry enffi i^mt. noncgntraijon to prodttce sn effect but at the same 
.time to reduce the inddenoe oet severity of systemic side -ef* 
fects. .The intrathecal admimslaation of. the cancer chemo- 
therapeutic agent, metiioftrexate, is'frequentiy employed in 
^a^k^meenf ^ ci leukemic involvement of the central 
nervous-Bystem. The .epidural admizustcatloDi of morphine, 
Vf^^dh produces long-lastiiig (6^ bra) aualgesifl with Tnir^imnl 
^e effects, is proving to be of beoieGt in the ma nafflme nt of 
chronic paixx. 
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The therapeutic and stimulant 
properties of methylphenidate (MP), 
a drug commonly prescribed for the 

treatment of attention deficit 
hyperactivity disorder, have been 

attributed to increases ia synaptic 
dopamine (DA) concentrations 

resulting from the blockade of DA transporters. In addition to obvious difficulties inherent in any 

interspecies comparison, iaterpiretation of preclinical studies done with MP is further complicated by 

different routes of administration in animals (i,v. and i,p.) compared with humans (oral). In the 

present study we compared the effects of i.p. and intragastric (oral) MP both on rat nucleus 

accumbens DA assessed by in vivo microdialysis and on locomotor activity measured in a photocell 

apparatus. We also compared regional brain uptake and plasma levels of [ H]MP after administration 

of 5 rag/kg via both routes. Intraperitoneal MP (5 and 10 mg/kg) was approximately twice as potent 

as intragastric MP in terms of increasing extracellular DA levels and in stimulating locomotion. This 
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- Comparison betwerai Intraperitoneal and Oral Methylphaiidate Administiatioa: A Microdialysis and Lo... Page 2 of 1 6 - 
was consisteiat with the higher brain uptake of [^H]MP when given i.p..rather than intragaslrically. - 
The dose of 2 mg/Isg produced significant increases in both measurements when administered i.p., but 
■ not intragastrically. This study shows that relatively low doses of MP (2 mg i.p. and 5 mg 
intragastric) significantly uicrease extracellular DA and locomotor activity and indicates that the 
differences in ihe neurochemical and behavioral effects of MP between the intragastric and the i.p. 
routes are due to central drug bioavaikbili^. 

^ Introduction 

Over the past decade increased recognition of attention deficit 
hyperactivity disorder (Swanson et al., 199813) has led to a dramatic 
increase in the use of methylphenidate (Ritalin, MP), a psychostimulant 

i commonly prescribed to treat this disorder. Despite this widespread use, 
the mechanisms by which MP exerts its therapeutic effects remain poorly 
understood. Although a considerable number of preclinical studies have 
been completed, their iaterpretation is limited by the feet that i.p. and i.v. routes have been used, 

I whereas the oral route is used chnically. Moreover, most stadies have used doses significantly higher 
(2-15 mg/kg i.v. or lG-50 mg/kg ip.) than those used clinically in humans (0.3-1 mg/kg; Sprague and 
Sleator, 1 977ffl). Stadies with doses that are ther^euticaUy relevant (0.6-10 mg/kg i.p. or s.c.) have 
'predominantly investigated sensitizatioh and tolerance to motor-activatLng and stereotypic effects of . 
MP (McNamara et al., 1993ffi; Gaytan et al., 1997e; McDougall et al., 1999a). Higher doses of MP. 
lead to a greater incidence of side effects, including sleep disturbances and irritability in children 
(Cole, 1975SI). To our knowledge, the only two studies that have investigated the effects of oral MP 
in rodents focused on its pharmacokinetic profile in brain and plsisma, and not on the concomitant 
behavioral or neurochemical effects of the drug (Wargin et al., 1983a; Patrick et al., 1987a). 

The therapeutic effects of MP as well as its psychostimulant properties are thought to be related to its 
I abUity to increase extracellular dopamine (DA) in the mesocorticolimbic system (Castellanos et al., 
I 1996ia), secondary to blockade of DA transporters (Ritz et al., 1987a). Similarly, the reinforcing 

effects of cocaine and cocaine-like drugs also are associated with their ability to block the DA 
j transporter. This has led to serious concerns regarding the potential reinforcing or addictive properties 

of MP. However, despite the pharmacological similarities between MP and cocaine, including similar 
i potency at the DA transporter (Volkow et al., 1995b; Gatley et al., 1999a), its abuse is much less 
I frequent (MID A-CEWG, 1 995s) and is mainly restricted to the i.v. or intranasal route of 
I administration with very infirequent oral abuse (Parran and Jasinski, 1991b). The rare occurrence of 

oral abuse is probably related to the slow rate of DA transporter blockade achieved by oral^g^^ 

because the reinforcing effects of psychostimulant drugs are thought to be related, at least in partite a 
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rapid rate of binding to DA transporters (Stathis et al., 1995ffl) and subsequently, a rapid increase in 
synaptic DA (Balster and Schuster, 1973b). Tbus, although i.v. MP produces a "high", which cocaine 
abusers report to be similar to that mduced by i.v. cocaine (Wang et al., 1997e), oral MP with a 
slower onset of transporter blockade does not produce a high in normal subjects (V olkow et al., ,1998 
s)- . ' 

Dose-related effects of MP were clearly demonstrated by Porrino and coworkers. They showed that 
local ceriebial glucose utilization (LCGU) in the rat nucleus acciunbens (NACC), a brain region 
associated with the reinforcing effects of drugs of abuse (Di Chiaia, 1999ffl), was stimulated by a low 
dose of MP (1.25 mg/kg i.v.), but notby ahigh dose (15 mg/kg). However, higher doses dramatically 
increased LCGU in the extrapyramidal system (Pprrino and Lucignani, 1987b). A similar dose- 
lelated pattern was observed with amphetamine (Porrino et al,, 1984a). These authors later 
demonstrated tibat behaviorally equivalent doses of i.v„ but not i.p. cocaine, produced increases in 
LCGU in NACC (Ponino, 1993b). This similarity in the distribution of changes in LCGU led the 
authors to propose a significant role of the NACC in the therapeutic response of hyperactive children 
to psychostimulant medications. Taken together, these data suggest flie importance of detennining the 
dose-respoBse jEunction for differeait routes of administration in evaluating the biochemical and 
behavioral effects of psychostimulants. 

The purpose of the present study was to assess the effects of oral MP (intragiastric administration) on 

extracellular DA in NACC and oh locomotor activity. In addition, we directly compared the effects of 

oral versus i.p. MP to provide a context for eval\iation of the findings firom previous studies. The 

range of doses used (2-10 mg/kg) is, in general, lower than those investigated previously. Finally, we 

compared two methods of oral MP administration, a surgically implanted intragastric catheter versus 

gavage, to determine whether the stress associated with gavage would influence the effects of MP on 
NACC DA. 

^ Materials and Methods 

Male Sprague-Dawley rats were used in all experiments (200-300 g; 
Taconic Farms, Germantown, NY) and were giv^ food and water ad . 
libitum. Temperature and huniidity were kept constant Each animal was 
housed individually on a 12/12-h light/dark cycle. All animals were used 
under an Institutional Animal Care and Use Committee-approved protocol 
and with strict adherence to National Institutes of Health guidelines. 

Drug Treatment. MP hydrochloride (2, 5, or 10 mg/kg) (aracemic mixture of d-threo- and l-threo- 
MP; Research Biochemicals International, Natick, MA) was dissolved in saline and injected i.p.' 

j 

liflp://jpetaspetjouinals.org/cgi/content/&ll/295/l/51 .10/6/2005 
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I Jh1iagastricadt)odmstration(2,5,or 10mg/kg)wasacM " 

followed by a rinse with vehicle. Control aninaals received saline via both routes. These same 
; methods were used with microdialysis and locomotor activity studies. In a sqpaxate microdialysis 
experiment MP (5 mg/kg) or vehicle was administered via a gavage needle that was gently passed 
down the esophagus to the stomach (« = 6-8 for each treatment gcoiip). All microdialysis and activity 
measures were obtained between 12:00 PM and 3:00 PM. 

MicrodMysis Studies. Microdialysis studies were completed as detailed previously (Gerasimov and 
Dewey, 1999s). Animals were anesthetized with an i.m. injection of ketamine/xylazine mixture and 
siliconized guide cannulas were stereotaxically implanted into the right NACC (2.0 mm anterior and 
1.0 mm lateral to bregma, and 7.0 mm ventral to the cortical sur&ce). On completion of the brain 
surgery a polyethylene catheter was placed in the stomach of animals intended for intragastric studies 
by using aseptic surgical .techniques. The catheter was exteriorized after anchoring with a suture in 
the back of the neck. Animals were allowed to recover for at least 4 days. 

Microdialysis probes (2.0 mm; Bioanalytical Systems, West Lafayette, IN) were positioned within 
the guide cannulas and artificial cerebrospinal fluid (155 mM NaCl, 1.1 mM CaCl^, 2.9 mM KCl, and 
0.83 mM MgCy was administered through the probe by using a CMA/100 roicroinfusion pump 

(Bioanalytical Systems) at a flow rate of 2.0 1/mm. Animals were placed in bowls, and probes, were 
inserted and flushed with artificial cerebrospinal fluid overnight. On the day of study, a minimum of 
three samples was mjected to determine baseline stability. Samples, were collected for 20 min and 
injected on-line (Bioanalytical Systems). "ITie average DA concentration of these tbiee stable samples 
was defined as control (100%), and all subsequent treatment values were transformed to a percentage 
of that control The HPLC system consisted of a HAS reversed phase column (3.0 |mi C18), a BAS 
LC-4C electrochemical transducer with a dual glassy carbon electrode set at 650 mV relative to an 
Ag/AgCl reference electrode, a computer that analyzes data on-line by using a commercial software 
package (Chromgraph; Bioanalytical Systems), and a dual pen chart recorder. The mobile phase (flow 
rate l.Q ml/min) consisted of 7.0% methanol, 50 mM sodium phosphate monobasic, 1.0 mM sodiiun 
octyl sulfete, and 0.1 mM EDTA, pH 4.0. 

Locomotor Activity. Animals were individually placed in photocell activity boxes (San Diego 
Instruments, San Diego, CA). The boxes were 41.3 x 41.3 x 30.5-cm clear acrylic. The electronic 
system used to monitor the movements consists of 16 infrared beams projecting across fhe.cages from 
left to right and 1 6 beams from back to back. AH the beams are approximately 0.39 cm from the . 
floor. After 100 min to allow initial e3q)loratory behavior to decrease, an imals were injected i.p. with 
vehicle or MP (2, 5, or 10 mgkg). In a separate group of experiments, animals received saline or MP 
(2, 5, or 10 mg/kg) by intragastric infusion via a catheter. Beam crossings were recorded every 
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minute and the mean number of crossings for each group of animals was summed into 20-min 
intervals for gr^hical display. 

d-[^H\threo-MP Uptake in the Brain. Animals were treated with 5 mg/kg MP plus 2 jiCi (per rat) 
of d-\^K\threo-MP either i.p. or via gavage. After 20 min animals were sacrificed by decapitation and 
their striata and cerebella dissected. Brain regions were weighed and dissolved in 1 ml of tissue 
solubilizer (Solvable; Packard, Meriden, CT). UltimaGold (Packard) liquid scintillation fluid was 
added and radioactivity was determined by scintillation counting with quench connection by external 
standard. Data are expressed as nanomoles of if-[^H]^Areo-MP per gram of tissue (wet weight). 

Data Analysis. Peak increases in extracellular DA, expressed as a percentage of baseline values, (the 
average of three predrug levels differing from each other by not more than 10%) were compared for 
every dose acsross both routes of administration by a one-way ANOVA and post hoc test. Significance 
levels were set at /* < .05. 

For comparison purposes, the increases in NACC DA levels were normalized to tibie highest value for 
each dose and expressed as a percentage of that value. Locomotor activity reflects the highest beam 
crossing count after subtraction of the baseline activity. 

^ Results 

I Microdialysis Studies. Intraperitoneal injections of MP dose dependently 
increased extracellular NACC DA above vehicle treatment values 

■ (F= 26.75; P < .05, P < .01, P < .001 for 2, 5, and 10 mg/kg, 

' respectively). Intragastric administration also produced an increase in DA 
levels (P < ,05 and P < .001 for 5 and 10 mg/kg, respectively). However, 
the measured response after intragastric administration of 2 mg/kg did not 
reach statistical significance. For both routes of administration and all three doses, the maximal effect 
of MP occurred at 40 min with levels returning to baseline values approximately 2.5 h 
postadministraiion (Fig. JL). During the first 20 min after administration the values approximately 
doubled for i.p. injection, but increased only by 30% after intragastric administration (Fig. L B and 
C), consistent with a faster rate of DA increase after the i.p. route. 

Fig. 1. Temporal profile of i.p. or intragastrical (p.o.) MP effect on 
extracellular NACC DA. A, effects of 2 mg/kg MP. B, ejBfects of 5 mg/kg 
MP. C, effects of 1 0 mg/kg MP. Values are expressed as percentage of 
baseline DA and are mean ± S.E. (« = 6-8/group). Drug or vehicle was 
administered at time 0. For clarity saline response is not shown. 

http://jpetaspetjoumals-org/cgi/content/fi^ 10/6/2005 
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Administration of 5 mg/kg MP by gavage produced increases in DA levels that did not significantly 
differ fiix)m ttiose produced by intragastric administration. Tbe temporal profile of increases in 
extracellular DA after gavage admmistration is identical with the time course of increases after 
admirdstration of the same dose via intragastric cat^^^ 
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Locomotor Activity. Similar to our microdialysis data,, i.p. injections of MP dose dependency 

increased gross locomotor activity above vehicle treatment values (Fig- 3) (F= 36.68; 

P < .05, P < .01, P < .001 for 2, 5, and 10 mg/kg, respectively. Intragastric administration, however, 

resulted in increased locomotion only after 5- and 10-mg/kg doses (P < .01, P < .001). On average, 

the maximal response for i.p. axiministration occurred at 20 min, whereas for intragastric 

administration it occurred at 40 min postdrug administration. For each dose examined, the DAergic 

and locomotor response to i^p. MP was signiBlcantly greater than the re^onse after intragastric 
administration (Figs. 4 and 5), 




Fig. 2. Temporal profile of 5 mg/kg intragastrical (p.o.) and 
gavage MP effect on extracellular NACC DA. Values are 
expressed percentage of baseline DA and are rnean ± S.E* 
(n = 6-8/group), Drag was administered at time 0. 
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Fig. 3. Temporal profile of i.p. or intragastrical (p.o.) MP effect on gross 
locomotor activity. A, effects of 2 mg/kg MP, B, efifects of 5 mg/kg MP. 
C, effects of 10 mg/kg MP. Values are expressed as the number of beam 
crossings and are mean± S.E. (» = 6-8/group). Drug or vehicle was 
administered at time 0. For clarity saline response is not shown. 
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Fig. 4. Peak increase in NACC DA in response to i.p. or 
mtxagastrical (p.o.) administration of MP. Values are expressed 
as percentage of baseline DA and axe mean ± S.E- (« = 6- 
8/groiip). ***P< .001, **P< .01 compared with the effect of 
the identical dose administered via different route [ANOVA 
{F = 26.75) and post hoc Tamhane test]. 




Fig. 5. Locomotor response to i,p. or intragastrical (p.o.) 
administration of MP. Values are expressed as total number of 
beam crossings over 200-min time interval and are mean ± S.E. 
(n - 6-8/group). < .001, **P < .01, *P < .05 compared with 
the identical dose administered via different route [ANOVA 
{F- 36.68) and post hoc Tamhane test]. 
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The relationship between the temporal cotirse of the changes in extracellular DA and locomotpr 
activity is represented as a normalized response (Fig. 6). Because there was no change in either 
extracellular DA or locomotioix after intragastric administration of 2 mg/kg. Fig. lA shows only the 
response to Lp. injection. 




Fig. 6. Normalized NACC DA and locomotor temporal response to MP. 
Values are expressed as the percentage of the maxi-mum for each given 
function and represent the average of six animals. Drug was administered 
at time 0. 
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Brain and Plasma Levels of MP. IntxaperitOBeal administration of rH]MP resulted in higher levels 
of radioactivity in plasma and brain than the intragaistiic route (Table i). 



TABLE! 

View ftis table: d-(%|rfireo-MP or metabolite(s) concentrations (nmol/g) in brain and 
[in this window} plasma after administration of 5 mgfltg MP via gavage or 
Ijn a new window] jbatraperitpneal injection 

Values are mean ± S.D. Supeiscript letters correspond to post hoc t tests 
showing significant difference of intraperitoneal injection fi-om gavage 
(oral). 



► Discussion 

This study shows that intragastric and i.p. routes of administration differ 
significandy with respect to the absolute roagiiitude and the tune course of 
increases in extracellular DA and locomotor response. Intraperitoneal MP 
was approximately twice as potent as oral MP both in increasing 
extracellular DA levels at the doses of 5 and 10 mg/kg (Fig. iA) and in 
stimulating locomotor activity at these same doses (Fig- IB)- This is 
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. consistent with the apparent higher uptake of [^H]MP measured in the brain after i.p. versus 

intragastric administration (Table 1). However, the interpretation of the brain uptake results is hmited 

3 3 

by the inaccuracy of assessing the total radioactivity counts without isolating [ H]MP from H- 
i metabohtes. hiterestingly, at the lowest dose of 2 mg/kg given intragastrically, we did not observe an 
increase in DA levels above vehicle treatment nor was there any change in locomotor activity. In 
contrast, that same dose administered i.p. produced a significant increase above baseline values in 
extracellular DA and in locomotion. These data are in agreement with the notion that quantitatively 

i 

I different responses to identical doses of MP administered to humans via two systemic routes (i.v. and 
i oral) are a function of bioavailability (Chan et al., 1980eb). The lower bioavailability for intragastric 
I versus i.p. MP is presumably due to the slower absorption from the gastrointestinal tract and a greater 
degree of metabolism to ritalinic acid, a compound with negligible psychostimulant properties CFaraj 
] et al., 1974e). 

Overall, quantitative and qualitative differences between oral, i.p., and i.v. routes of admmistration 
have been demonstrated for MP across species (Faiaj et al., 1974ffl; Wargin et al., 1983s). However, 
the reports are varied and sometimes inconsistent. This may reflect considerable int^ubject 
variability due to differences in drug absorption and metabolism. Studies by Faraj et al. (19.74)51, 
Wargin et al. (1983)ffl, and Chan et al. (1980)3 provide evidence for presystemic metabolism of MP 
via deesterification in the gut and microsomal hydroxylation in liver as well as high intrinsic 
I clearance due to plasma and/or tissue esterase activity. Reported estimates of the absolute systemic 
bioavailabihiy of oral MP in children, rats, and monkeys vary between 1 0 and 50%. 

Gross locomotor activity observed at 10 mg/kg i.p. does not seem to increase further with a higher . 
dose of 20 nag/kg (O. Rice and S. J. Gatley, unpublished observations) even though extracellular 
NACC DA levels are increased further (860 versus 480% of baseline) (Rice et al., 1998a). This is 
presumably due to focused stereotypies interfering with horizontal movements of the animal (Gaytan 
etal., 1996a). 

i ' ' • 

For both routes of administration gross locomotor activity responses to MP approximately track 

i increases in NACC DA. This is consistent with the hypothesis that facilitation of DAergic 

i 

transmission is involved in the locomotor response to psychostimulants (Beninger, 198303). The 
intragastric route exhibited a very close parallelism for the behavioral and neiuochemical responses to 
MP, even though these measurements were obtained in different groups of animals. Normalized plots 

i of extracellular DA and locomotor activity are almost identical (Fig. 6, A and B). However, for i.p. 

i 

j administration the quantitative features of MP -induced behavioral activation were dissociated from 
increases in extracellular DA. Peak hypCTactivity occurred at 20 min postadministration, whereas the 
DA response took 40 min to reach its maximum. Between 20 and 40 min locomotor activity was 
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almost constant, whereas extracellular DA contiBiied to increase. Althou^ lids could reflect a ceiling - 
effect for locomotor activity, after which fiirther DA increases result m stereotypies, it also could 
reflect acute tolerance to the locomotor-activating effects of synaptic DA, occurring after the fast 
initial inCTcase in DA concentratioiis. A similar dissociation between plasma levels and therapeutic 
ejBBicacy has been reported for oral MP in children (Swanson et al., 1999h). The time course of plasma 
and brain MP concentration changes appears to be ciucial in determining the efficacy of this drag 
(Srinivas et al., 1992a). This notion was recently emphasized by Swanson et ai (1999)ffl who 
demonstrated that the ejBBicacy of a given total dose of MP is affected by its rate of administration. 

A dissociation between DA and locomotor activity for the Lp. route of administration also was 
observed for the declining portion of the curves for the lO-mg/kg dose because at 120 min 
postmjection DA levels were akeady returoing to baseline, whereaslocomotion remained 
significantly elevated This also could have reflected a ceiling effect and we cannot rule out the 
possibility that as DA levels feU stereotypy decreased concomitantly. New studies are now being 
designed with the goal of assessing.the temporal course of stereotypies. Alternatively, this 
dissociation could reflect lingering downstream effects. 

Another explanation is based on the partial involvement of the noradrenergic neurotransmitter system 
in the locomotor response to stimulants (Svensson and Ahlenius, 1983h). We previoxisly 
demonstrated that MP binds to norepinephrine transporters and is an effective in vitro inhibitor of 
norepinephrine uptake (Gatley et al., 1996ffl). Kuczenski and Segal (1997)a demonstrated that the 
temporal profile of the hippocampal norepinephrine response to i.p. MP in rats is significantly 
different jfrom that of DA, v^dth a slower onset and longer duration. 

For the highest MP dose tested (10 mg/kg) the difference in locomotor activity between the two 
routes is better demonstrated by comparing the areas under the curve (total movements count over the 
sampling period) rather than the peak effects (Figs, 3 and 5) because the magnitudes of peak activity 
were similar, but i.p. MP had a much longer-lasting effect This is likely to reflect almost complete 
DA transporter saturation at this dose for both routeSj, but the higher bioavailability achieved with the 
Lp. route may result in a longer duration of DA transporter blockadfe at this hig^i level of occupancy. 

In extrapolating the results of this study to the effects of clinical doses of MP the question of a proper 
dose for comparison arises. Matching of the peak MP plasma concentrations in humans and in rats 
does not seem to be appropriate for choosing a clinically relevant dose to be administered to animals. 
Concentrations that are considered therapeutic (8-10 ng/ml) (Swanson and Volkow, 200Gs) are 
reached at an average of 1 to L5 h after administration and roughly coincide with the peak changes in 
behavioral and somatic variables. The average half-Hfe of oral MP is reported to be 2 to 3 h (Wargin 
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al, 1983b; Volkow et al., 1998b), However, similar plasma levels in the rat are only achieved for a 
short period of time (1 .4-25 ng/ml at 1 5 min) and are almost midetectable at 30 min (0-4 mg/ml) 
(T. Cooper, personal communication). According to Patrick et aL (1984)h, oral administration of 
1 mg/kg MP in rats results in peak serum concentrations of 40 ng/ml that are reached 10 min after 
dosing, but which fall to 15 ng/ml during the next 5 min. However, when 10 mg/kg oral MP is 
administered to rats, the half-life of MP appears to be 1 h with the plasma levels of 40 ng/ml 
occurring 3 h after drug administration (Wargin et al., 19830) or 10 to 20 ng/ml 4 h after 20 mg/kg 
(T. Cooper, personal communication). Based on these data one might argue that the lowest dose of 
oral MP (2 mg) used in the present study is not of clinical relevance due to its short-lived effective 
concentrations in plasma and subsequently, brain concentrations. However, the intragastric dose of 
10 mg/kg leads to sustained plasma levels that are higher than those achieved therapeutically. The 
intermediate MP dose of 5 mg/kg administered intragastrically might mimic the therapeutic doses 
better. In terms of the magnitude of neurochemical and behavioral effects, the 5-mg/kg intragastric 
dose was roughly equivalent to the 2-mg/kg i.p. dose* Thus, by extrapolation one could suggest that 
i,p, MP doses of less than 5 mg/kg may be closer to those used clinically. However, one should keep 
m mind that therapeutic effect of MP in humans requires sustained brain levels, which are not 
achieved in rats. 

In this smdy we did not observe a difference between the DAergic responses to MP administered 

intragastrically or via gavage. This indicates that both methods are adequate for testing the effects of 
oralMP, 

Investigation of the relative effects of oral and i.p. MP is of basic and clinical significance. Low 
reinforcing effects of oral versus i-v. MP in humans have been linked to differences in 
pharmacokinetics rather tiian poor binding efl&cacy at the DA transporter (Volkow et al., 1998h), 
Additionally, several studies have shown that the effects of MP are dependent on tiie behavioral state 
of the subject This effect described as "rate dependence" has been documented both in rats and in 
humans (Rapport et al., 1984ai; Weber, 1985i*i). Our results demonstrate that the route of 
administration is an important determinant of the behavioral and neurochemical consequences 
associated with MP administration in rodents. Additionally, we are currentiy conducting new studies 
investigating the changes in brain DA elicited by therapeutic doses of MP in humans. 
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Americans Slightly Taller, Much Heavier Than 40 Years Ago 

Adult Americans are roughly an Inch taller than they were in 1 960, but they are nearly 25 pounds 
heavier on average, according to a report issued by the Centers for Disease Control and 
Prevention (CDC). 

- The report. Mean Body Weight, Height, and Body Mass Index (BMI) 1960-2002: United States, 
shows that ti^e average height of men ages 20-74 increased fronn just over 5 feet 8 inches In 1960 
to 5 feet 9 1/2 Inches In 2002. while the average height of women the same ages increased from 
slightly over 5 feet 3 inches in 1960 to 5 feet 4 Inches In 2002. 

Meanwhile, the average weight for men ages 20-74 rose dramatically, from about 166 pounds in 
1960 to 191 pounds In 2002. The average weight for women the same ages increased from about 
140 pounds in 1960 to 164 pounds in 2002. 

The report, issued in October 2004, Indicates thet the average weight for men in 2002 compared 
to 1960 increased more among older men: 

i 

• Men ages 40-49 were nearly 27 pounds heavier. 

• !\^en ages 50-59 were nearly 28 pounds heavier. 

• Men ages 60-74 were almost 33 pounds heavier. 

For women, the near opposite trend occurred when comparing average weight in 2002 with that in 
1960: 

'l • Women ages 20-29 were nearly 29 pounds heavier. 

» \Nomen ages 40-49 were about 25.5 pounds heavier, 
j • Women ages 60-74 were about 17-5 pounds heavier. 

i 

! The report also documented a slight increase-less ^an an inch-In average heights for children 

over the last four decades. However, average weights for diildren increased significantly: 

• Ten-year-old boys in 1 963 weighed 74.2 pounds on average; by 2002 the group's average 
weight was nearly 85 pounds. 

» Similarly, the average weight for lO-year-oId girls in 1963 was 77.4 pounds; by 2002 their 
average weight was nearly 88 pounds. 

• The average weight for 15-year-old boys in 1966 was 135.5 pounds: by 2002 their average 
weight was 150.3 pounds, 

• Fifteen-year-old girls on average weighed 124.2 pounds in 1966; by 2002 their average weight 
was 134.4 pounds. 

Average body mass index (BMI) has also increased anaong adults from about 25 in 1960 to 28 in 
2002. BMI is a number that represents an indlviduars weight in relation to height BMI is.generally 
used as the first indicator in assessing body fat and has been the most common method of 
tracking weight problenis and obesity among adults. A BMI of 18.5 to 25 refers to a healthy 
weight, those with a BMI of 25 to 30 are considered overweight, and people with a BMI of 30 or 
higher are classified as obese. 

The average BMI for children and teens has increased as well: 

• In 1 963, the average BMI for 7-yearfOld boys was 1 5.9; in 2002 it was 17.0. For girts the same 
age, the average BMI increased frpm. 1 5.8 to 1 6.6 over the 6ame period. 

• In 1 966, the average BMI for. 16-year-old boys was 21.3;-ln 2002, Itwas 24.1. For giris the 
same age, the average BMI increased from 21 .9 to 24.0 over the sarhe period. • 

I The data in the report were based on actual body measurements taken as part of the National 

Health and Nutrition Examination Survey, which the CDC's National Center for Health Statistics 
has conducted periodically since 1960. 
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